The electronic states of a Kane-type semiconductor anti-wire with and without a magnetic field are theoretically investigated. The eigenvalues and eigenstates of Kane's Hamiltonian are obtained. The calculations are performed for a hard-wall confinement potential, and electronic states are obtained as functions of the magnetic field applied along the cylinder axis. The size dependences of the effective g-value in InSb for electrons and light holes are calculated. The effective g-values of the electrons and light holes decreased with decreasing anti-wire radius.
Introduction
Studies of the basic properties of low-dimensional (quantum dots, wires, wells, anti-wires) electron distributions, that are mostly realized in semiconductor structures, have recently been in the forefront of research in condensed matter physics as a result of technological advancement in two-dimensional nanostructures [1, 2] . The energy spectrum of carriers in quantum dots and quantum wires was theoretically investigated in [3 -6] . The electron energy states in an uniform magnetic field directed along the quantum wire were studied using a free electron model [3] . In [4] the energy spectrum of an electron confined in a quantum wire by an infinite square potential by using effective mass approximation both with and without an axial magnetic field was calculated. The energy levels of an electron confined in a barrier like multilayer quantum wire structure with a perpendicular magnetic field along the z-direction in cylindrical coordinates are derived in [5] . Magneto optical properties of quantum dots in semiconductors have been considered for the model of hard-wall confinement taking into account the real band structure of InSb-type materials (narrow energy gap and strong spin-orbital interaction) [6] . The spin-orbital interaction and the contribution of the electrons to the g-factor were detailed in [7, 8] . For calculating the electron g-values in [7] , the three band Kane's model was used, where the nonparabolicity of the electron and light hole bands and the complex structure of the valence bands were simultaneously taken into account. This model describes the 0932-0784 / 05 / 0800-0593 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com energy band structure around the Γ point of the Brillouin zone very well. In a paper of Masale, the energy spectrum of a single electron confined near a cylindrical cavity is determined within the effective mass approximation as a function of the applied parallel magnetic field [9] . In [9] , the energy spectrum as function of the magnetic field explained that for small radii, the m ≤ −3 states all fall in the infinitely degenerate ground states, where as for a larger radius the energy eigenvalues showed a somewhat parabolic variation with the magnetic field. In [10] , a confined electronic system is modeled as an electron moving outside a cylinder of radius a. The magnetic field configuration for it's Landau states and for the AharonovBohm effect on such states was given; then the respective Schrödinger equations were successfully formulated and solved. They named the confined electronic system an antidot. Perhaps a better name as a quantum anti-wire. The simple parabolic energy bands omit the spin effect. However the experimental advantages of using narrow gap semiconductors for the reduced dimensionality make it necessary to take into account the real band structure of materials. When considering the nonparabolicity of the electron dispersion in narrow and medium gap semiconductors, the coupling of the conduction and valence bands should be taken into account. This is the purpose of our present work.
In this work, using Kane's three-band model including the conduction band, and light and spin-orbital hole bands, the electron spectrum with and without magnetic field, and electron and light hole effective g-factors of anti-wire are calculated. The system considered here might simply be a very long cylindrical cavity of radius R etched out of a bulk composite semiconductor material. We take the potential of the anti-wire to be infinitive at the boundary and zero elsewhere. We omit the free-electron term in the diagonal part and the Pauli spin term, as they give only small contributions to the effective mass and the spin g-value of electrons and light holes in InSb.
The Kane problem, i.e. determination of the energy spectrum taking into account the interaction of three bands, conduction band, light hole band and spinorbital splitting band, in a magnetic field was considered in a paper of Bowers and Yafed [11] .
In the three-band Kane's Hamiltonian the valence and conduction bands interaction is taken into account via the only matrix element P (so called Kane's parameter). The system of Kane equations, including the nondispersional heavy hole bands, has the form [12, 13] 
Here P is the Kane parameter, E g the band gap energy, ∆ the value of spin-orbital splitting and
Zero Magnetic Field
Substituting (3) - (8) into (1) and (2) we obtain
where ∆ ∆ ∆ 3 is the three dimensional Laplacien. In cylindrical coordinates, the eigenfunction is
where A is a normalization factor, k z is the axial wavenumber and m the azimuthal quantum number. The radial function R(ρ) is found to satisfy the following differential equation:
Equation (11) can be rewritten in the form
where
Equation (12) is Bessel's differential equation [14] , the solution of (11) at infinity is
where Y m is the second order Bessel function. For an infinite wall of radius R, the boundary condition is R 1,2 (R) = 0, so the eigenvalue equation is
Equations (13) and (15) together show that the radial eigenvalue spectrum is
where z mp is the pth root of the mth Bessel function Y (z). Equation (16) determines the energies of electrons, light holes, and the spin-orbital split-off band of holes in a Kane-type semiconductor anti-wire.
In Fig. 1 , the dependencies of E(R) for two cases are presented: a) electrons with parabolic dispersion law, b) electrons with Kane's dispersion law in an InSb anti-wire according to both the first and second roots of Bessel's differential equation. As it's seen in Fig. 1 , with the increase of R, the electron energy levels in parabolic and nonparabolic cases become close to each other. At rather small values of R, the variance electron dispersion law becomes more important, and therefore the curves for E(R) keep away from each other strongly in II compared to I. The following band parameters have been used for InSb: E g = 0.2368 eV, ∆ = 0.810 eV, E P = 23.41 eV, E P = 2m 0 h 2 P 2 , m 0 is the free-electron mass [15] .
Applied Magnetic Field, Infinite Step
For an uniform magnetic field H H H, directed along the z axis, the vector potential may be chosen in the form
and k ± has the forms
Substituting (3) - (8) into (1) and (2), and using (19), (20), we obtain (20) where L z is the z component of the angular momentum operator L, ρ 2 = x 2 + y 2 . If to seek the solution of (21) in cylindrical coordinates in the form
we obtain for the radial function Φ(ξ ):
Equation (22) is the canonical form of Kummer's equation for the confluent hypergeometric function [16] .
is the dimensionless variable and l is the radial wavenumber. The solution of (22) is
. 
are the parameters of the Kummer function in standard notation. The boundary conditions, which correspond to the infinite potential at ρ = R, are C 1,2 = 0. These lead to the eigenvalue equations
Equation (26) is just the eigenvalue problem solved by Ç akmak et al. [17] for the case of a Kane-type quantum wire, except that here the function Figure 2 shows examples of the magnetic field dependence of the lowest order subbands for l = 0, k z = 0 electron energy eigenvalues in an InSb anti-wire of radius R = 300Å with infinite potential. The energy eigenvalues show a somewhat parabolic variation with the magnetic field and a more pronounced separation in energy of the m ≤ 0 states of spin negative values. This is the same as in the energy of the m ≤ 0 states of spin positive values. These results agree well with the study of Masale [9] . Figure 3 shows the magnetic field change of the lowest order subbands for l = 0, k z = 0 light hole energy eigenvalues in an InSb anti-wire of radius R = 50Å with infinite potential; the m values are m = 0, ±1, ±2, ±3, −4, −5, −6. The near-linearity variation of these energy subbands with the magnetic field for the radius 50Å must be noted. In addition to this, it must also be noted that the m ≤ −2 states all fall in the infinitely degenerate ground state. Figure 4 shows g-factor dependence on R for the fixed magnetic value H H H = 1 T for electrons and light holes. As is seen in Fig. 4 , with the decreasing R, the g-factor asymptotically approaches the respective bulk values for both electrons and light holes.
Conclusion
In this work, using Kane's three-band model, the spectrum of carriers with and without magnetic field and the electron and light hole effective g-factor for Kane-type semiconductor anti-wires are calculated. The nonparabolicity of the spectrum of electrons, light holes and spin-orbital splitting valence bands was taken into account. The effective g-factor was studied for the ground state as a function of the radius. The difference of the parabolic and nonparabolic band model in a zero magnetic field is represented.
